Abstract The plasma property of a hybrid ICP/sputtering discharge driven by 13.56 MHz/60 MHz power sources was investigated by Langmuir probe measurement. For the pure sputtering discharge, the low electron density and ion flux, the rise of floating potential and plasma potential with increasing power, as well as the bi-Maxwellian distribution of electron energy distributions (EEDFs) were obtained. The assistance of ICP discharge led to the effective increases of electron density and ion flux, the suppression of rise of floating potential and plasma potential, as well as the change of EEDFs from bi-Maxwellian distribution into Maxwellian distribution. The increase of electron density and ion flux, and the EEDFs evolution were related to the effective electron heating by the induced electric field.
Introduction
Development of high-density RF plasmas based on the generation of inductively coupled plasma (ICP) has been paid much attention for their potential applications to physical vapor deposition (PVD) processes and for magnetron sputtering assistance [1∼10] . Hybrid ICP/sputtering can be successfully applied to the deposition of hard and wear-resistant coatings, decorative coatings, films for flat panel displays, and other functional materials [4] . Because the hybrid ICP/sputtering can effectively excite and ionize the sputtered species to a high degree [5] , the deposition temperature can be lowered, the films' property and structures can be effectively controlled [6] , and a high deposition rate can be achieved without deteriorating the film properties [4, 7] . For example, the deposition of high-quality nanocrystalline SiC films at low temperature of 400
• C [7] , the deposition of TiN films on unheated acrylonitrile butadiene styrene (ABS) substrates without damaging the substrate material [8] , the synthesis of highly-uniform and size-controllable ZnO nanodots [6] , the deposition of TiC/CaO nanocomposite films for biomedical application [5] , and the synthesis of Ti-containing hydrocarbon (Ti-C:H) coatings [9] .
In the hybrid ICP/sputtering system, the planar target discharge produces a capacitive plasma while the coil discharge produces an inductive plasma, therefore the plasma property is controlled by the combination of inductive and capacitive fields. Because the films deposition mainly depends on multiple plasma properties, such as the plasma density, plasma potential, ion flux, electron energy distributions (EEDFs) and ion energy distributions (IEDFs), a good understanding of plasma properties is most important for film deposition. The plasma property is closely related to the source frequency, power and discharge pressure [11, 12] , therefore, the source frequency is one of the important factors affecting film deposition. In the present works on the hybrid ICP/sputtering, the target discharge is usually driven by a DC power or 13.56 MHz RF power (also by 1 MHz RF power), and the ICP discharge is typically sustained through the inductive coupling of 13.56 MHz RF power (also as low as 450 kHz and 2 MHz) [1∼10] . The simulation and experimental measurement showed that the source frequency could strongly influence the ion energy distribution and the plasma density [11, 12] . If the sputtering target is driven by a low-frequency source, the ions with broad energy distribution may sputter various species (neutral and ionized species, as well as ionized species with different valence), leading to divergent composition and non-uniform structure of films. With very high frequency (VHF) power, the ion energy distribution becomes narrow, which may reduce the divergence of sputtered species and improve the film's composition and structure. However, the hybrid ICP/sputtering driven by VHF power is seldom developed, and the knowledge of plasma properties is also lacking.
In this work, a hybrid ICP/sputtering driven by 13.56 MHz/60 MHz was developed, and the plasma property was investigated by Langmuir probe measure-ment. The effect of ICP power on plasma property and EEDFs was analyzed. Fig. 1 shows the experimental setup. The device was a cylindrical vacuum chamber made of stainless steel with a diameter of 350 mm and a length of 300 mm, in which a one-turn open loop antenna made of stainless steel with a diameter of 200 mm was horizontally and centrally placed in the axial direction of the chamber. One end of the loop antenna was connected to RF (13.56 MHz) source through a matching box, and the other was floated. The target, 50 mm in diameter, was set at 30 mm above the antenna, while a substrate holder, 100 mm in diameter, was positioned at 40 mm below the antenna. The sidewall and the bottom of the reactor were electrically grounded. The sputtering target was biased with an RF voltage of 60 MHz through a matching box. The target power was varied from 100 W to 344 W, and the antenna power varied from 30 W to 158 W. The base pressure of the discharge system, evacuated with a 600 L/s turbo-molecular pump, was less than 5×10 −4 Pa and the discharge was produced in argon pressure of 4.7∼5.0 Pa. Argon with a flow rate of 32 sccm was used as the discharge gas. Using the RF-compensated single Langmuir probe (Hiden Analytical Limited, ESPION), made from tungsten wire, 10 mm in length and 0.15 mm in diameter, the electron energy probability function (EEPF) and other plasma parameters (electron density n e , electron temperature T e , floating potential V f , plasma potential V p , and ion flux Γ i ) were measured. The Langmuir probe was positioned at the center of the reactor and 20 mm below the antenna. The probe system contained a resonance filter and their second harmonics to reduce RF distortion of the I-V characteristics. The resistive filter impedance from 13.56 MHz to 60 MHz is higher than 4.25 MΩ. The 13.56 MHz RF distortion of fundamental and second harmonics, and also the 60 MHz RF distortion of fundamental harmonic could be filtered. The EEPF was retrieved from the voltagecurrent characteristic of the probe by means of double differentiation. Namely, the EEPF was obtained from the Druyvesteyn formula [13] :
Experimental setup
where e and m e were the electron charge and mass, V and I were the probe voltage and current, and A was the probe surface area. The EEPF g(ε) was related to the EEDF g e (ε) as follows:
The electron density n e and electron temperature T e were determined as corresponding integrals of the EEPF from the following formulae:
The ion flux Γ i was determined from the following formula:
where k was Boltzmann's constant, m i and m p were the mass of ion and proton, and n i was the ion density calculated from the following formula:
where i g was the gradient of linear regression line for ion current, and m g was the molecular weight of gas.
3 Results and discussion Fig. 2 shows variations of the electron density n e , electron temperature T e , floating potential V f , plasma potential V p and ion flux Γ i versus the target power for pure sputtering discharge. 25 .28 V to 41.88 V and from 30.10 V to 47.95 V, respectively. The results show that increasing target power can lead to the increase of electron density and ion flux, the decrease of electron temperature, as well as the rise of floating potential and plasma potential. The increase of ion flux is helpful for raising deposition rate. The increase of electron density leads to the enhancement of electron-electron collisions, resulting in the decrease of electron temperature. However, because the power transferred to plasma in CCP is consumed by both the ions in sheath and the electrons in the plasma bulk [14] , a lower electron density is obtained. Because of the increase of target biasing at higher power, the increase of floating potential and plasma potential with the target power is observed. As the ICP is added, the plasma property of hybrid ICP/sputtering discharge is greatly influenced. Fig. 3 shows the variation of n e , T e , V f , V p and Γ i versus ICP power at the fixed target powers of 100 W (low target power) and 298 W (high target power).
At the target power of 100 W, the measurement of plasma parameters was carried out at the input ICP powers of 30 W, 54 W, 80 W, 128 W and 158 W, and the reflected power was in the range of 4∼18 W. If the ICP power is above 158 W, the discharge becomes unstable. Compared with that of pure sputtering discharge, with increasing ICP power, the n e increases from 1 . However, for the ICP power ranging from 30 W to 109 W, the T e are higher than that in pure sputtering discharge. The V f and V p also do not increase with the ICP power, but vary around a constant of 37.41 V and 43.24 V, respectively, which are slightly lower than those in pure sputtering discharge. The results show that with the assistance of ICP discharge, the electron density and ion flux can be effectively increased and the rise of floating potential and plasma potential in the pure sputtering discharge can be effectively suppressed. The effectively enhanced plasma density with the ICP powers is a combined effect of the reduced ion power loss and the enhanced electron power absorption, as well as the probable coupling effect between ICP and CCP [15∼17] . The effective suppression of rise in floating potential and plasma potential is related to the floating antenna termination used in the experiment. This antenna configuration can effectively suppress the net extraction of electrons from the plasma to the grounding through the antenna and minimize the antenna RF voltage by satisfying the balance condition [1, 18] . Therefore, the advantage of ICP assistant discharge is to increase the ion flux and reduce the floating potential as well as plasma potential. For film deposition, the deposition rate can be effectively increased and the ion bombardment can be reduced. Therefore, the hybrid ICP/sputtering is helpful for the improvement of film quality.
Figs. 4 and 5 show the EEDFs of pure sputtering discharge and hybrid ICP/sputtering discharge, respectively. However, the circuit resistance of the commercial Hiden Langmuir probe leads to obvious noise at high energy tails, thus losing the information at high energy [19] . For the pure sputtering discharge, the EEDFs show a bi-Maxwellian distribution in the target power range of 100 W to 298 W, as illustrated in Fig. 4 . The limiting effect of dc ambipolar field on the cold electron diffusion makes a bi-Maxwellian distribution EEDF, which is usually seen at low gas pressure and low power (low electron density) discharge conditions both in capacitive and inductive discharges [20] . As the target power is increased to 344 W, however, the EEDF evolves into a Maxwellian distribution due to the increase of electron density. As the ICP discharge is added, the case is different. At the low target power of 100 W, the EEDFs show a Maxwellian distribution [20] , and the noise of harmonics at high energy tails is quite evident. As the target power increased to 298 W, the EEDFs still show a Maxwellian distribution, however, the noise at high energy tails is reduced. Because the ICP and sputtering discharge produce inductive and capacitive plasma, respectively, the hybrid ICP/sputtering is a kind of ICP/CCP hybrid dualfrequency plasma. There are a few studies on ICP/CCP hybrid dual-frequency plasma with external ICP antenna [20∼24] , but little is known about the coupling mechanism in internal ICP antenna. In the CCP discharge, the limiting effect of dc ambipolar field on the cold electron diffusion usually leads to a bi-Maxwellian distribution of EEDFs [20] . Thus, the same results are obtained in our case of pure sputtering discharge. As the ICP discharge is added, the EEDFs evolve into a Maxwellian distribution. The abrupt change of EEDFs from a bi-Maxwellian distribution in CCP into a Maxwellian distribution in ICP/CCP hybrid system was also found by LEE with addition of a very small coil power [20] . The possible mechanisms of the EEDFs evolution from the bi-Maxwellian to the Maxwellian are the heating mode transition, the electron-electron collisions, the E to H mode transition in the ICP and the combined effect of collisionless heating by capacitive and induced electric fields [20] . The heating mode transition is due to the sufficiently high gas pressure, which makes electrons in the discharge gain energy mainly by collisional (Ohmic) heating instead of collisionless (stochastic) heating. The enhancement of electronelectron collisions is due to the increase in electron density. The E to H mode transition in the ICP is also accompanied by a change of EEDF with a jump in the electron density. The combined effect of collisionless heating by capacitive and induced electric fields is related to the expanding skin layer [17] . In our work the low gas pressure of 5 Pa was chosen, and the electron density jump due to the E to H mode transition was not observed, therefore the change in the EEDFs cannot be attributed to the heating mode transition or the E to H mode transition in the ICP. The possible mechanisms of the EEDFs evolution include the electron-electron collisions and the combined effect of collisionless heating by capacitive and induced electric fields. In our experiment, considerable increase in electron density with increasing ICP power was observed. The enhanced plasma density with the ICP powers may be the combined effect of the reduced ion power loss and the enhanced electron power absorption, as well as the coupling effect between ICP and CCP. In the CCP, the power transferred to plasma is consumed by both the ions in sheath and the electrons in the plasma bulk [14] . On the other hand, the power absorption to plasma in the ICP is mainly dissipated to the electrons in the plasma bulk. Thus, the ICP produces more plasma density at a given absorbed power [15] , and the ICP power in the CCP results in more power absorption in plasma and the reduced ion power loss, compared to the pure CCP [16] . With increasing electron density the electron-electron collisions become prominent, thermalizing themselves and, as a result, Maxwellize the EEDFs. Therefore, the increase in electron density is a possible factor for the evolution of EEDFs into the Maxwellian distribution. Another possible factor is the combined effect of collisionless heating by capacitive and induced electric fields in the hybrid ICP/sputtering. Using Eq. (7), the collisionless skin depth δ p is calculated [25] as
where µ 0 is the permeability of free space, m e and n e are the electron mass and electron density, respectively. Fig. 6 shows the collisionless skin depth δ p versus the ICP power. At the low target power of 100 W, the collisionless skin depth δ p is in the range of 11.0 cm and 5.2 cm. As the target power increased to 298 W, the collisionless skin depth δ p decreases to the range of 6.8 cm and 5.3 cm. Because the radius of loop antenna is 10 cm, the collisionless skin depth δ p is smaller than the radius of antenna except for the value of δ p = 11.0 cm. Therefore, only some electrons in the bulk plasma can satisfy the condition for collisionless heating which dominates the power transfer. With increasing ICP power, the collisionless skin depth decreases and the contribution from collisionless heating process reduces gradually. Instead, the collisional dissipation within a skin depth layer near the plasma surface increases due to the increase of plasma density. As a result, the low energy electrons participate in the collisionless heating process and the collisional dissipation simultaneously, making the electron temperature more uniform. Therefore, the EEDFs change from bi-Maxwellian distribution in the pure sputtering discharge into Maxwellian distribution in the hybrid ICP/sputtering discharge. 
Conclusions
This work investigated the plasma properties of a hybrid ICP/sputtering discharge driven by 13.56 MHz/60 MHz power sources using Langmuir probe measurement. The results show that the assistance of ICP discharge leads to the effective increases of electron density and ion flux, the effective suppression of rise in floating potential and plasma potential, as well as the change of EEDFs from bi-Maxwellian distribution in pure sputtering discharge into Maxwellian distribution in hybrid ICP/sputtering discharge. The EEDF evolution is related to the electron-electron collisions as well as the combined effect of the collisionless heating within a skin depth layer and the collisional dissipation near the surface of skin layer by the induced electric field.
